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yocardial Capillaries
nd Coronary Flow Reserve*
anjiv Kaul, MD, FACC, Ananda R. Jayaweera, PHD
ortland, Oregon
he general assumption among cardiologists is that myo-
ardial ischemia occurs only in the presence of obstructive
oronary artery disease. This is based on the misconception
hat abnormal coronary flow reserve (CFR) is associated
nly with coronary stenosis and results from the increased
esistance offered by the stenosis. We showed some time ago
hat when the normal coronary vasculature is maximally
ilated with adenosine, the capillaries (which do not have
mooth muscle and hence do not vasodilate) are the bottle-
eck to hyperemic flow (1). Thus, although the capillaries
rovide only one-quarter of the total microvascular resis-
ance (MVR) at rest, they offer three-quarters of the total
VR during hyperemia, despite the total MVR decreasing
y one-half during hyperemia from arteriolar and venous
asodilation.
See page 1391
Even in the presence of an epicardial luminal diameter
tenosis of 85% to 90% the attenuation of the hyperemic
esponse is due mainly to the capillaries and not the stenosis
tself. At rest, the total MVR decreases in the presence of a
oncritical stenosis (depending on the degree of stenosis)
ecause of autoregulation, with no change in capillary
esistance (1). During hyperemia, the coronary artery pres-
ure distal to the stenosis decreases, leading to capillary
erecruitment to maintain a constant capillary hydrostatic
ressure (2). Thus, unlike the normal coronary circulation
here total MVR decreases during hyperemia, in the
resence of a stenosis, it increases (1). In this situation,
ecause arteriolar and venular resistances are already mini-
al, the increase in MVR is due to increased capillary
esistance caused by derecruitment, making it the predom-
nant component of the total MVR.
An individual capillary is approximately 0.5 mm long and
.7 m in diameter (3). On the basis of its diameter alone
Editorials published in the Journal of the American College of Cardiology reflect the
iews of the authors and do not necessarily represent the views of JACC or the
merican College of Cardiology.(
From the Division of Cardiovascular Medicine, Oregon Health and Science
niversity, Portland, Oregon.t offers very high resistance (R  8l/r4, where  
iscosity, and l and r are length and radius of the vessel,
espectively). Luckily, our 8 million myocardial capillaries
re placed in parallel such that total capillary resistance is
educed to an acceptable level. Thus, the normal CFR of 5
ould increase if we had more capillaries and decrease if we
ad fewer capillaries (Online Appendix).
There are many conditions that are associated with
educed myocardial capillary density (MCD) and, hence,
ower CFR, such as myocardial infarction (4), hypertension
5), and diabetes (6). In this issue of the Journal, Tsagalou
t al. (7) describe an association between reduced MCD and
FR in a carefully studied cohort of patients with end-stage
diopathic dilated cardiomyopathy (IDC). In their study,
ot only was the MCD reduced, but the capillary diameter
D) was also smaller.
Our model (Jayaweera et al. [1], Online Appendix)
redicts a relation between MCD and CFR, when capillary
is unchanged, that is shown by the blue line in Figure 1.
he green line denotes the expected results if capillary D
ere reduced from 7 to 5 m, as noted by Tsagalou et al. (7)
n their study. The red line and the regression equation
epict the actual relation between MCD and CFR based on
he data in Table 2 of their article (depicted as red data
oints in Fig. 1). Their actual data lie somewhere between
he blue and green lines. The scatter shown in their data can
e attributed to the imprecision of morphometric measure-
ents of myocardial capillaries in fixed tissue. Shown in
igure 2 is the model-derived relation between MCD,
apillary D, and CFR (Jayaweera et al. [1], Online Appen-
ix). Because flow is related to the fourth power of D, a
ecrease in capillary D affects CFR more than does a
ecrease in MCD.
Partial exhaustion of autoregulation can also cause a
ecrease in CFR in IDC for which there are 3 putative
echanisms, all of them based on compensatory vasodila-
ion at rest. First, the decrease in MCD and capillary D
esult in increased capillary resistance that is compensated
y some arteriolar and venular vasodilation to maintain
ormal resting coronary flow (Online Appendix). Second,
ncreased wall stress in IDC leads to increased myocardial
xygen demand that is met by increased coronary flow via
rteriolar and venular vasodilation. Finally, the central aortic
and arterial pressure) may be low in end-stage IDC, which
ould also cause arteriolar and venular dilation in order to
aintain a constant myocardial capillary hydrostatic pressure.
CFR is related to the coronary driving pressure (P,
ifference between mean aortic and right atrial pressures)
ccording to the formula CFR P/(Qr Rmin) where Qr
s resting coronary flow and Rmin is the MVR during
yperemia. P may decrease if either aortic pressure de-
reases or right atrial pressure increases, both of which can
ccur in IDC. If one plots hyperemic P against CFR from
he data presented in Table 2 of the article by Tsagalou et al.
7), not unexpectedly, one notices a worsening of the
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Capillaries and Flow Reserve October 21, 2008:1399–401oronary vasodilatory capacity with decreasing P. Rmin
ight also increase in IDC because of increased extravas-
ular myocardial compressive forces associated with in-
reased wall stress.
There are other possible reasons for the decrease in CFR
s alluded to by Tsagalou et al. (7). Because the capillaries
re the bottleneck to hyperemic flow, viscosity becomes very
mportant, primarily because of erythrocyte mobility within
he capillaries (8). Erythrocyte diameter is larger than that
f the capillaries and therefore erythrocytes have to fold
pon themselves in order to pass through capillaries. Factors
uch as erythrocyte deformability and charge can affect
rythrocyte mobility and hence viscosity and CFR (9).
lthough the authors did not measure blood viscosity and
ts determinants, it will not be surprising if later studies find
lterations in blood viscosity in patients with IDC. The
ommon causes that can affect blood viscosity, such as
ematocrit (8) and lipids (10), were not increased in patients
ith IDC in this study.
Whereas it is not possible to imply causation between
educed CFR and end-stage IDC, one can speculate on a
ontributing role of reduced CFR in the etiopathogenesis of
DC. Reduced CFR could lead to repeated episodes of
schemia and contribute to the fibrosis that may have been
nitiated during the primary insult. Ischemia is even more
ikely to occur in dilated hearts that exhibit increased
yocardial oxygen demand because of increased wall stress,
ontributing to the vicious cycle of left ventricular dilation,
oor wall thickening, and increased left ventricular end-
iastolic pressure. Finally, the myocardial dyssynchrony
ften seen in IDC (11) may compromise perfusion in parts
f the myocardium that may still be contracting when the
ortic valve is closed and coronary filling is occurring.
Figure 1 Relationship Between Percent
Decrease in MCD (X-Axis) and CFR (Y-Axis)
The blue line depicts the model-derived relation when capillary diameter (D) is
unchanged, and the green line depicts the model-derived relation when the
capillary D has been reduced from 7 to 5 m. Red data points and line fit
(along with the regression equation) denote actual data from Table 2 of the
article by Tsagalou et al. (7). See text and Online Appendix for details. CFR 
coronary flow reserve; MCD  myocardial capillary density.In summary, myocardial capillaries are the primary de-
erminant of CFR. There are many cardiac conditions that
ffect capillary structure and function as well as microvas-
ular rheology. This must be kept in mind when assessing
he clinical and prognostic implications of reduced CFR in
ndividual patients. Therapeutic attempts at altering capil-
ary structure, function, and rheology could be beneficial to
atients by augmenting CFR (12). It should be remem-
ered, however, that any increase in capillary density should
ot occur in a haphazard manner. Capillaries must be laid in
arallel for them to positively affect CFR.
eprint requests and correspondence: Dr. Sanjiv Kaul, Division of
ardiovascular Medicine, OHSU, UHN62, 3181 SW Sam Jackson
ark Road, Portland, Oregon 97239. E-mail: kauls@ohsu.edu.
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APPENDIXor equations, please see the online version of this article.
